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We  report  the  results  of  a study  of 
measurements  of  radiated  emissions 
from  the  NIST  spherical-dipole  stan- 
dard radiator  in  several  screened 
rooms.  The  study  serves  as  a demon- 
stration of  possible  applications  of  the 
standard  radiator  as  well  as  an  investi- 
gation of  radiated-emissions  measure- 
ments in  screened  rooms.  The 
screened-room  measurements  were  per- 
formed in  accordance  with  MIL-STD- 
462  (1967).  Large  differences  occurred 
in  the  field  intensity  measured  at  dif- 
ferent laboratories  and  even  on  differ- 
ent days  at  the  same  laboratory.  There 
was  a systematic  difference  at  low 


frequencies  between  the  screened-room 
results  and  results  obtained  in  a trans- 
verse electromagnetic  (TEM)  cell, 
open-area  test  site  (OATS),  and  ane- 
choic  chamber.  We  also  present  the  re- 
sults of  OATS  tests  confirming  the 
temporal  stability  of  the  standard  radia- 
tor and  measuring  the  loading  effect  of 
a ground  plane  as  a function  of  dis- 
tance from  the  sphere. 
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1.  Introduction 

The  National  Institute  of  Standards  and  Tech- 
nology has  recently  developed  a spherical-dipole 
standard  radiator  for  use  in  electromagnetic  inter- 
ference and  compatibility  (EMI/EMC)  applica- 
tions. The  design,  construction,  and  operation  of 
the  device  are  described  in  Refs.  [1,2],  which  also 
present  results  of  tests  in  various  NIST  facilities  — 
the  open  area  test  site  (OATS),  anechoic  chamber 
(AC),  transverse  electromagnetic  (TEM)  cell,  and 
mode-stirred  chamber.  The  spherical  radiator  is  a 
well  controlled,  well  characterized  source  of  elec- 
tromagnetic radiation  for  the  frequency  range  be- 
tween about  5 MHz  and  over  1 GHz.  As  such,  it 
can  be  used  to  test  the  ability  of  a laboratory  to 
measure  radiated  electromagnetic  emissions.  That, 
in  fact,  was  one  of  the  principal  motivations  for  the 


development  of  the  standard  radiator.  It  can  also 
be  used  to  compare  different  test  methods,  to  test 
the  validity  of  new  measurement  techniques,  in 
round-robin  intercomparisons  among  many  labora- 
tories, or  as  a check  standard  to  confirm  day-to-day 
repeatability  at  a single  laboratory.  The  study  re- 
ported below  demonstrates  several  of  these  possi- 
ble uses  of  the  standard  radiator.  A preliminary 
account  of  the  results  is  contained  in  Ref.  [3].  The 
application  of  initial  interest  was  in  the  compe- 
tence testing  of  laboratories  seeking  accreditation 
for  radiated  emissions  testing,  but  in  the  course  of 
the  study  the  standard  radiator  was  also  used  as  a 
known  source  to  assess  the  basic  test  method,  as  a 
check  standard,  and  as  the  test  artifact  in  a multi- 
laboratory intercomparison. 
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In  this  paper  we  consider  radiated-emissions 
measurements  performed  on  a spherical-dipole 
standard  radiator  in  three  different  screened 
rooms.  The  original  goal  was  to  develop  procedures 
for  using  the  NIST  spherical-dipole  standard  radia- 
tor in  the  laboratory  accreditation  process,  particu- 
larly in  the  National  Voluntary  Laboratory 
Accreditation  Program  (NVLAP)  for  accrediting 
laboratories  performing  MIL-STD-462  acceptance 
testing.  To  this  end,  we  sought  and  received  the 
cooperation  of  three  EMC  test  laboratories  to  per- 
form MIL-STD-462  RE02  tests  on  the  spherical  ra- 
diator. The  intent  was  to  establish  a baseline  of 
performance  for  the  radiator,  against  which  mea- 
surements at  other  laboratories  could  be  compared 
in  order  to  assess  their  ability  to  perform  MIL- 
STD-462  tests.  Tests  at  NIST  had  already  charac- 
terized the  performance  of  the  spherical-dipole 
standard  radiators  in  test  facilities  simulating 
quasi-free-space  environments  (OATS,  AC,  TEM) 
and  in  the  mode-stirred  chamber,  but  the  radiators 
had  not  been  tested  in  screened  rooms,  which  are 
the  common  environment  for  MIL-STD-462  tests. 

Measurements  in  screened  rooms  have  a (well- 
deserved)  tarnished  reputation.  We  will  not  exam- 
ine in  detail  the  causes  of  the  problems  of 
screened-room  measurements,  but  a few  comments 
are  useful  as  background.  Our  remarks  will  address 
the  case  of  radiated  emissions,  but  analogous  ef- 
fects occur  for  radiated  susceptibility.  There  are 
many  sources  of  potential  errors  in  EMI  measure- 
ments inside  screened  rooms.  Perhaps  the  most  ob- 
vious effect  is  that  a screened  room  is  a conducting 
cavity,  and  thus  it  exhibits  cavity  resonances  and 
standing  waves.  Consequently,  the  field  distribu- 
tion within  the  room  generally  is  nonuniform,  and 
the  field  intensity  measured  depends  on  the  loca- 
tions of  the  equipment  under  test  (EUT)  and  the 
measuring  antenna,  as  well  as  on  the  electrical  size 
of  the  room.  Another  potential  source  of  error  is 
that  the  behavior  of  the  receiving  antenna  is  af- 
fected by  the  proximity  of  the  conducting  walls. 
The  interactions  between  the  antenna  and  its  nu- 
merous images  change  the  antenna  factor,  and  con- 
sequently the  antenna  response  in  a given  electric 
field  depends  on  the  antenna’s  location,  the  size  of 
the  room,  and  the  type  of  antenna.  A similar  effect 
can  occur  for  the  EUT.  If  we  think  of  the  EUT  as  a 
transmitting  antenna,  its  input  impedance  will  be 
changed  by  the  interaction  with  its  images,  thereby 
changing  the  ratio  of  terminal  voltage  to  input  cur- 
rent. Thus  the  radiated  power  can  depend  on  the 
size  of  the  room,  the  EUT’s  position  in  the  room, 
and  details  of  the  EUT  itself.  (The  loading  effect 


on  the  standard  radiator  will  be  addressed  below.) 
Finally,  most  screened-room  measurements  are 
done  at  low  enough  frequencies  that  the  EUT  and 
the  receiving  antenna  are  in  each  other’s  near 
fields. 

The  potential  problems  with  screened-room 
measurements  have  been  widely  appreciated  for 
some  time  [4-7].  Nevertheless,  screened  rooms  are 
widely  used  in  EMI/EMC.  Their  appeal  is  partly 
economic,  partly  inertial,  and  partly  due  to  the  fact 
that  competing  techniques  are  not  without  prob- 
lems of  their  own.  Open-area  test  sites  admit  back- 
ground noise;  anechoic  chambers  are  expensive 
and  become  echoic  at  low  frequencies;  TEM  cells 
have  high-frequency  cutoffs  and  size  constraints; 
etc.  Screened  rooms  are  particularly  prevalent  in 
MIL-STD-462  testing  [8],  where  their  use  is  nearly 
universal.  An  extensive  revision  of  MIL-STD-461/ 
462  has  recently  been  released,  which  contains 
(among  other  things)  changes  intended  to  improve 
screened  room  test  methods  [9].  The  revised  stan- 
dard is  labeled  MIL-STD-462D.  The  tests  de- 
scribed in  this  report  were  performed  according  to 
the  old  standard,  MIL-STD-462  (1967),  since  the 
contents  of  the  new  one  were  not  known  at  the 
time  of  the  tests.  We  will  discuss  this  below. 

Over  the  course  of  a year,  radiated-emissions 
tests  were  performed  at  the  three  participating 
EMC  labs.  All  three  screened  rooms  had  absorber 
loading  to  some  degree,  and  all  were  large  enough 
to  meet  MIL-STD-462  (1967)  specifications.  We  do 
not  detail  the  actual  sizes  and  specific  configura- 
tions of  the  individual  rooms.  That  information 
would  be  needed  for  diagnosing  the  cause  of  inter- 
laboratory differences,  for  example,  but  for  this 
study  we  are  just  interested  in  the  fact  that  they  did 
conform  to  the  (old)  MIL-STD  requirements. 
(There  was  not  enough  absorber  in  any  of  the 
screened  rooms  to  meet  the  requirements  of  MIL- 
STD-462D  [9].)  Each  set  of  measurements  was 
performed  twice  at  each  laboratory,  with  the  setup 
disassembled  between  the  two  measurements,  in 
order  to  evaluate  the  repeatability  of  the  tests.  We 
were  thus  able  to  address  three  major  issues:  day- 
to-day  variations  at  a given  laboratory,  differences 
between  results  obtained  at  different  laboratories, 
and  differences  between  the  screened-room  results 
and  results  obtained  at  NIST  in  simulated  free- 
space  environments.  The  results  caused  us  to  re- 
consider the  appropriateness  of  using  the  standard 
radiators  in  the  accreditation  process  for  MIL- 
STD-462  measurements  (under  the  old  standard). 
The  differences  in  all  three  areas -day-to-day  vari- 
ations, interlaboratory  variations,  and  screened- 
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room  to  free-space  differences— were  sufficiently 
large  that  the  basic  validity  of  the  old  RE02  test 
procedures  in  a screened  room  must  be  ques- 
tioned. This  point  is  addressed  in  the  final  section 
below.  In  the  next  section  we  review  the  general 
design  of  the  spherical  dipole  radiator  and  present 
results  of  measurements  at  NIST  facilities.  In  Sec- 
tion 3 we  outline  the  procedures  followed  in  the 
screened-room  (RE02)  tests  on  the  standard  radia- 
tor and  present  the  results  of  those  tests.  Section  4 
contains  a discussion  of  the  results  and  conclu- 
sions. 


2.  The  Spherical-Dipole  Standard 
Radiator 

The  spherical-dipole  radiator  is  described  in  de- 
tail in  Refs.  [1,2].  For  present  purposes,  it  is  suffi- 
cient to  recall  a few  of  its  principal  features.  The 
radiating  element  is  a spherical,  gold-plated  dipole 
of  10  cm  diameter,  the  basic  configuration  of  which 
is  indicated  in  Fig.  1.  The  driving  voltage  is  applied 
at  the  gap  between  the  center  posts,  and  the  cur- 
rent flows  up  the  top  post  to  the  inside  top  of  the 
sphere  and  down  the  bottom  post  to  the  inside  bot- 
tom of  the  sphere.  From  the  poles  of  the  inside  of 
the  sphere,  the  current  flows  on  the  inner  surface 
of  the  sphere  out  to  the  equatorial  gap,  where  it 
feeds  the  outer  surface  of  the  sphere.  Thus,  pro- 
vided that  the  current  propagates  from  the  rf  feed 
uniformly  to  all  points  on  the  equator,  we  have  a 
center-fed  spherical  dipole,  uniformly  excited 
around  its  equator.  The  voltage  at  the  gap  of  the 


center  post  is  monitored  continuously  by  a diode 
detector  circuit,  and  this  reading  is  relayed  back  to 
the  control  unit  via  optical  fiber.  This  feature  en- 
ables the  operator  to  verify  that  the  impressed 
voltage  is  the  same  from  one  test  to  another,  and  it 
also  confirms  that  the  unit  is  operating  properly 
throughout  a set  of  measurements. 

The  excitation  waveform  is  fed  to  the  sphere  by 
an  optical  fiber.  Inside  the  sphere  the  optical  signal 
is  converted  to  an  electrical  signal,  amplified,  and 
fed  to  the  gap  in  the  center  post.  In  the  tests  de- 
scribed in  this  report,  a single-frequency  cw  signal 
was  always  used.  In  principle,  virtually  any  wave- 
form could  be  used  to  drive  the  spherical  dipole, 
though  the  radiated  waveform  would  include  the 
shaping  effect  of  the  sphere’s  frequency-dependent 
radiation  characteristics.  The  pulse  characteristics 
of  the  spherical  dipole  radiator  have  not  yet  been 
examined. 

Detailed  tests  of  the  angular  pattern  and  the  in- 
tensity of  the  radiated  field  were  reported  in  [1,2], 
and  we  do  not  reproduce  them  all  here.  One  aspect 
of  those  tests  which  is  relevant  to  the  present  study 
is  the  determination  of  the  radiated  field  intensity. 
Although  the  voltage  across  the  gap  in  the  center 
post  is  continuously  monitored,  it  does  not  enable 
us  to  directly  calculate  the  radiated  field,  since  the 
relationship  between  the  voltage  at  the  post  gap 
and  the  voltage  at  the  equatorial  gap  in  the  spheri- 
cal shell  cannot  be  easily  calculated.  Therefore  the 
transfer  function  between  the  post  gap  voltage  and 
the  radiated  field  was  determined  empirically.  This 
was  done  by  measurements  on  the  NIST  OATS 
and  in  the  AC.  For  a (post)  gap  voltage  of  1 V,  the 


Fig.  1.  Mechanical  drawing  of  the  spherical  dipole  radiator. 
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maximum  field  intensity  was  measured  at  some 
convenient  distance  from  the  sphere.  The  known 
radiation  characteristics  of  a spherical  dipole  were 
then  used  to  calculate  the  voltage  at  the  equatorial 
gap.  In  the  AC  the  free-space  formula  for  the  radi- 
ation pattern  was  used,  whereas  on  the  OATS  the 
effect  of  the  ground  plane  was  taken  into  account. 
Based  on  those  tests,  a transfer  function  which  re- 
lates the  indicated  post  gap  voltage  to  the  radiated 
field  intensity  (in  free  space)  was  obtained.  Using 
this  measured  transfer  function,  we  can  then  com- 
pute the  field  intensity  for  a given  indication  of  the 
gap  voltage  and  a given  position.  Figure  2 plots  the 
field  as  a function  of  frequency  for  a position  in  the 
equatorial  plane,  1 m from  the  radiator.  Besides 
the  OATS  and  AC  results,  Fig.  2 also  contains  the 
results  of  analogous  measurements  in  a TEM  cell 
[1].  The  results  from  the  OATS  and  AC  agree  very 
well  in  their  region  of  overlap  (200  MHz  to  1000 
MHz).  The  TEM  cell  results  fall  below  those  of  the 
OATS  by  about  2 dB  to  4 dB  (except  at  one 
anomalous  point).  This  difference  may  be  due  to 
the  loading  effect  of  the  TEM  cell  walls  on  the 
sphere,  since  the  radiator  was  about  30  cm  from 
the  walls  in  the  TEM  cell  measurements.  The  pos- 
sible effects  of  loading  are  addressed  below. 

For  virtually  all  standard-radiator  applications, 
and  in  particular  for  the  screened-room  study  re- 
ported in  this  paper,  the  radiator’s  repeatability  is 


a crucial  issue.  We  must  be  confident  that  the 
spherical  dipole  is  constant  if  we  are  to  use  it  to 
compare  measurement  results  taken  at  different 
times.  There  is  some  evidence  for  the  spherical 
dipole’s  repeatability  in  the  agreement  of  AC  and 
OATS  results  in  Fig.  2.  We  have  now  performed  a 
systematic  test  which  confirms  this  point.  Measure- 
ments of  the  field  radiated  by  the  spherical  dipole 
were  made  on  the  NIST  OATS  on  two  different 
days,  with  the  measurement  apparatus  disassem- 
bled and  reassembled  between  the  two  sets  of  mea- 
surements. The  gap  voltage  was  maintained  at 
(1.00  ±0.01)  V;  the  dipole  axis  was  horizontal;  it 
was  about  2 m above  the  ground  plane;  and  the 
distance  from  the  sphere  to  the  receiving  antenna 
was  between  7 m and  8 m in  each  case.  The  receiv- 
ing antenna  (a  calibrated,  tuned  dipole)  was  posi- 
tioned 2 m above  the  ground  screen,  provided  that 
a usable  signal  was  obtained  at  that  height.  For  fre- 
quencies at  which  the  2 m height  corresponded  to  a 
null  of  the  pattern  arising  from  interference  be- 
tween direct  and  reflected  waves,  the  receiving 
height  was  increased  until  a usable  signal  was  ob- 
tained. The  measured  field  was  converted  to  a field 
intensity  at  1 m,  called  Eiei.  This  was  done  in  the 
manner  described  above,  except  that  the  full  ex- 
pression was  used  for  the  field  from  the  image, 
rather  than  just  the  ray  approximation  of  Ref.  [1]. 
The  difference  A between  the  values  measured  for 
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Fig.  2.  Calculated  field  at  1 m distance  using  transfer  function  measured  at  NIST  facilities. 
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Elti  on  the  two  different  days  is  plotted  as  a func- 
tion of  frequency  in  Fig.  3.  The  repeatability  is  very 
good,  better  than  0.55  dB  at  all  but  one  measure- 
ment frequency  and  better  than  0.1  dB  at  almost 
half  the  frequencies.  Even  at  the  one  “bad”  point 
(100  MHz),  the  difference  is  0.93  dB.  Such  varia- 
tions are  consistent  with  what  we  expect  from  the 
measurement  method  itself;  our  OATS  measure- 
ments have  a statistical  uncertainty  characterized 
by  a standard  deviation  of  about  0.5  dB.  Thus  the 
variations  in  the  field  radiated  by  the  spherical 
dipole  (for  a constant  gap  voltage)  are  less  than  or 
about  equal  to  0.5  dB,  and  could  be  significantly 
less. 

The  final  aspect  of  the  standard  radiator’s  per- 
formance which  is  important  to  the  screened-room 
study  is  the  effect  of  loading,  the  sensitivity  of  the 
radiator  to  nearby  conducting  surfaces.  Measure- 
ments at  and  above  100  MHz  in  the  mode-stirred 
chamber  [2]  did  not  show  evidence  of  a loading 
effect  on  the  spherical  dipole  for  a dipole-to-wall 
separation  of  1 m,  at  least  within  the  accuracy  of 
the  measurements,  and  the  TEM  cell  results  in  Fig. 
2 suggest  that  the  effect  is  of  order  a few  decibels 
for  a distance  of  30  cm.  We  have  now  also  per- 
formed a series  of  measurements  on  the  OATS  for 
several  different  heights  of  the  sphere  above  the 
ground  screen.  At  five  frequencies,  from  30  MHz 


to  1000  MHz,  the  radiated  field  intensity  was  mea- 
sured for  four  heights,  ht,  ranging  from  0.22  m to 
2.1  m.  The  gap  voltage  was  1.00  V in  all  the  mea- 
surements, and  the  measured  field  was  converted 
to  Eref,  the  field  at  1 m.  Results  are  shown  in  Fig.  4. 
The  uncertainty  in  the  measurements  is  about  1 
dB.  At  the  lowest  frequency,  30  MHz,  there  is  a 
definite  increase  in  the  radiated  field  for/it<0.5  m. 
At  other  frequencies  there  is  no  clear  evidence  for 
an  effect  of  loading,  although  something  may  be 
happening  around  ht  = 0.5  m at  1000  MHz  and  for 
ht  < 0.5  m at  60  MHz.  For  ht  3*  1 m,  the  data  do  not 
indicate  a loading  effect  at  any  frequency  tested, 
although  we  cannot  rule  out  an  effect  of  order  1 
dB-2  dB.  In  the  screened-room  measurements  dis- 
cussed below,  the  sphere  was  never  closer  to  a wall 
than  1 m. 


3.  Screened-Room  Measurements 

3.1  Procedures 

The  three  participating  laboratories  will  not  be 
identified  in  discussion  of  the  results,  and  only  ag- 
gregate data  will  be  shown.  At  the  time  of  the  tests, 
one  of  the  laboratories  was  NVLAP  certified  for 
MIL-STD-462  acceptance  testing,  and  the  other 
two  were  working  toward  certification.  Tests  were 
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Fig.  4.  Field  radiated  by  spherical  dipole  as  a function  of  height  above  ground  plane. 


performed  over  two  days  at  each  laboratory.  The 
same  spherical-dipole  unit  was  used  in  all  the  tests. 
The  intent  was  that  the  NIST  dipole  radiator 
would  be  treated  as  if  it  were  a piece  of  electronic 
equipment  submitted  to  the  laboratory  for  RE02 
acceptance  testing.  The  dipole  was  to  be  treated  as 
a piece  of  mobile  equipment  placed  on  a foam  sup- 
port out  in  the  room.  Tests  were  also  performed  on 
a small,  battery-operated  monopole  radiator  [3], 
which  was  tested  on  the  bench  top/ground  plane. 
However,  subsequent  tests  revealed  possible  prob- 
lems with  the  monopole’s  repeatability,  and  so  we 
will  not  present  results  of  the  monopole  measure- 
ments in  the  screened  rooms.  In  all  the  tests  the 
radiator  was  oriented  so  that  its  axis  was  vertical. 
For  low  frequencies  (below  20  MHz  or  30  MHz, 
depending  on  the  laboratory),  the  receiving  an- 
tenna was  a small  monopole,  and  only  the  vertical 
component  of  the  radiated  field  was  measured. 
From  20  MHz  or  30  MHz  to  200  MHz,  a biconical 
antenna  was  used,  and  vertical  and  horizontal  com- 
ponents were  measured  separately.  Above  200 
MHz,  all  three  laboratories  used  conical  log-spiral 
antennas,  sensitive  to  one  circular  polarization. 

At  20  MHz,  30  MHz,  and  200  MHz,  one  or  more 
laboratories  changed  the  receiving  antenna  used. 
At  these  frequencies,  measurements  were  taken  on 
radiated  signals  at  frequencies  at  the  top  of  the 
lower  band  and  at  the  bottom  of  the  upper  band 


(e.g.,  19.95  MHz  and  20.05  MHz)  at  the  laboratory 
changing  antennas  at  that  frequency.  If  a labora- 
tory did  not  change  antennas  at  that  frequency, 
then  just  one  measurement  was  taken  (e.g.,  20.00 
MHz).  For  the  computations  in  which  measure- 
ments from  different  laboratories  were  paired  or 
compared,  the  20.00  MHz  measurement  was  paired 
or  compared  with  both  19.95  MHz  and  20.05  MHz 
results. 

The  spherical-dipole  radiator  was  fed  with  a sin- 
gle frequency  at  a time,  with  the  frequencies  cho- 
sen to  correspond  to  those  at  which  the  radiator 
had  been  tested  in  NIST  facilities.  The  engineer  or 
technician  performing  the  test  was  told  the  fre- 
quency, and  he  or  she  swept  the  receiver  through  a 
small  range  of  frequencies  around  the  frequency 
being  radiated.  The  test  frequencies  for  the  dipole 
ranged  from  5 MHz  to  1000  MHz.  The  gap  voltage 
of  the  dipole  was  maintained  at  the  same  value 
(1.00  V)  for  all  the  tests.  Each  measurement  at 
each  frequency  was  done  twice  at  each  laboratory, 
typically  on  successive  days,  but  in  some  cases  in 
the  morning  and  afternoon  of  the  same  day.  Be- 
tween the  two  measurements  the  setup  was  always 
taken  down,  connections  broken,  etc.,  to  insure 
that  the  two  measurements  were  as  independent  as 
was  practical.  In  at  least  one  case,  the  positioning 
of  antennas  was  intentionally  altered  somewhat,  to 
simulate  the  variations  in  placement  which  could 
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occur  in  different  tests.  Thus  we  generally  have  two 
independent  measurements  at  each  frequency  (and 
each  polarization,  where  prescribed  by  the  MIL- 
STD)  at  each  of  the  three  participating  laborato- 
ries. Insofar  as  was  possible,  NIST  personnel 
attempted  not  to  influence  the  actual  conduct  of 
the  tests.  Some  interaction  did  occur,  of  course,  but 
we  do  not  believe  that  there  were  any  substantive 
effects  on  our  general  results. 

3.2  Results 

The  collected  results  of  the  measurements  on 
the  spherical-dipole  radiator  at  all  three  laborato- 
ries, for  a vertically  polarized  receiving  antenna, 
are  shown  in  Fig.  5.  Low-frequency  ( < 30  MHz) 
results  from  one  of  the  laboratories  were  not  avail- 
able because  of  an  error  in  assembling  an  antenna. 
The  error  was  discovered  during  the  tests,  but  too 
late  to  repeat  the  measurements.  Also  shown  in 
Fig.  5 are  the  results  obtained  in  the  NIST  facilities 
which  simulate  (to  differing  degrees)  a free-space 
environment.  The  NIST  results  are  connected  by 
solid  lines.  The  single  most  striking  feature  of  Fig. 
5 is  the  large  spread  in  the  screened-room  mea- 
surement results.  The  differences  between  maxi- 
mum and  minimum  values  for  the  radiated  field 
strengths  at  different  labs  are  as  large  as  25  dB  to 
30  dB  at  some  frequencies,  and  they  are  of  order 


10  dB  even  at  the  “good”  frequencies.  Figure  5 
also  indicates  that  there  are  often  large  differences 
between  the  shielded  room  results  and  the  results 
from  TEM  cell,  OATS,  and  AC.  Differences  be- 
tween the  two  measurements  at  the  same  fre- 
quency at  the  same  laboratory  cannot  be  seen  in 
Fig.  5,  but  these  also  can  be  sizable. 

For  purposes  of  addressing  separately  the  three 
different  types  of  variations  (day-to-day,  interlabo- 
ratory, screened  room  to  free  space)  it  is  useful  to 
present  the  data  in  different  formats.  To  address 
the  question  of  repeatability  of  results  at  a given 
laboratory,  we  simply  compute  the  difference,  in 
decibels,  between  the  two  independent  measure- 
ments at  each  frequency  at  that  laboratory.  This 
difference,  denoted  A,  is  plotted  in  Fig.  6 for  all 
three  laboratories.  The  dashed  lines  at  ±5  dB  are 
included  to  aid  the  eye  and  facilitate  discussion.  As 
can  be  seen,  most  measurements  repeated  to 
within  5 dB,  but  a significant  number  (23%)  did 
not,  and  some  day-to-day  variations  exceeded  10 
dB. 

For  interlaboratory  variations,  there  are  several 
ways  in  which  the  data  might  be  presented.  Our 
choice  is  guided  by  the  question,  “If  the  same  mea- 
surement were  made  on  the  same  device  at  two 
different  laboratories,  how  much  would  the  two  re- 
sults differ?”  To  answer  this,  we  have  computed  at 
each  frequency  the  magnitude  of  the  difference  (in 
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Fig.  5.  Measurement  results  on  spherical  dipole  standard  radiator  with  constant  gap  voltage. 
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Day— to  — Day  Variations 
Spherical  Dipole 


Fig.  6.  Day-to-day  variations  in  vertical  polarization  measurements  at  the  same  laboratory. 


decibels)  between  each  possible  pair  of  measure- 
ments at  different  laboratories.  Thus,  at  a typical 
frequency,  where  there  are  two  measurements  at 
each  of  the  three  laboratories,  there  would  be  12 
different  pairs  of  measurements  at  different  labo- 
ratories. We  use  D to  denote  the  difference  be- 
tween two  measurements  at  different  labs.  Figure  7 
shows  the  average  and  sample  standard  deviation  s, 

j2=(w-i)?fc~~*)2’  (*) 

of  these  differences  for  each  measurement  fre- 
quency. The  statistics  were  done  on  the  field 
strength,  and  the  results  were  then  converted  to 
decibels.  Results  below  30  MHz  are  based  on  mea- 
surements at  only  two  laboratories.  Even  above  30 
MHz,  the  sample  is  not  large  enough  for  real  statis- 
tical significance.  Nevertheless,  the  results  are  not 
particularly  encouraging.  The  average  differences 
in  the  measurement  of  the  same  quantity  at  two 
different  laboratories  are  over  5 dB  at  most  fre- 
quencies and  over  15  dB  in  some  cases. 

To  consider  differences  between  screened-room 
results  and  those  obtained  at  quasi-free-space  facil- 
ities, we  average  over  the  screened-room  results 
obtained  at  the  three  EMC  labs  and  compare  to 


the  TEM  cell,  OATS,  and  AC  results  at  NIST.  The 
results  are  shown  in  Fig.  8,  where  again  the  error 
bars  correspond  to  the  sample  standard  deviation. 
At  high  frequencies  the  screened-room  results  are 
in  fair  agreement  with  the  quasi-free-space  results, 
although  the  spread  in  the  screened-room  results  is 
rather  large.  Below  about  80  MHz  the  screened- 
room  results  tend  to  be  systematically,  significantly 
low.  The  one  exception  occurs  at  40  MHz,  which 
corresponds  to  a resonance  frequency  of  two  of  the 
screened  rooms  and  where  the  results  in  those  two 
rooms  are  anomalously  high,  cf.  Fig.  5.  The  other 
eye-catching  feature  of  Fig.  8 is  the  large  standard 
deviation  just  below  the  band  edge  at  200  MHz. 
The  spread  in  the  measurements  at  this  point  is  so 
great  that  the  results  are  essentially  consistent  with 
any  result  from  0 Vim  ( - oo  dB)  to  the  top  of  the 
bar  shown  on  the  graph. 

For  frequencies  between  20  MHz  or  30  MHz  and 
200  MHz,  emission  measurements  were  also  made 
with  the  receiving  antenna  horizontally  polarized. 
The  measured  amplitude  are  shown  in  Fig.  9.  Un- 
like the  results  for  vertical  polarization,  there  are 
no  results  shown  from  NIST  quasi-free-space  facili- 
ties. That  is  because  the  electric  field  from  a verti- 
cal spherical  dipole  in  free  space  has  no 
component  in  the  <^>  direction  and  no  horizontal 
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Fig.  7.  Interlaboratory  differences  in  vertical  polarization  emissions  measurements  on  the  spher- 
ical dipole  for  constant  gap  voltage. 


Spherical  Dipole 
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Fig.  8.  Combined  screened  room  results  compared  to  quasi-free-space  results  for  vertical  polar- 
ization measurements  on  the  spherical  dipole. 
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Fig.  9.  Horizontal  polarization  emissions  measurements  on  the  spherical  dipole. 


component  at  all  in  the  equatorial  plane  [10].  This 
was  checked  in  a few  instances  in  the  NIST  facili- 
ties, and  no  significant  field  was  detected.  Thus  the 
horizontally  polarized  fields  of  Fig.  9 are  an  artifact 
of  performing  the  measurements  in  a screened 
room. 

The  day-to-day  and  interlaboratory  variations  in 
the  results  for  horizontal  polarization  can  be 
treated  in  the  same  manner  as  they  were  for  verti- 
cal polarization.  The  results  are  shown  in  Figs.  10 
and  11.  The  day-to-day  variations  are  somewhat 
larger  than  the  vertical  case,  as  are  the  lab-to-lab 
differences.  The  average  interlaboratory  differences 
are  all  around  10  dB,  except  at  the  40  MHz  reso- 
nance, where  they  are  considerably  more.  Since  the 
horizontally  polarized  fields  are  basically  room  ef- 
fects, it  is  not  surprising  that  there  is  considerable 
variation  from  room  to  room.  Note  that  if  the 
source  were  a horizontal  dipole,  then  it  would  be 
the  vertical  fields  which  arose  from  room  effects.  In 
general,  it  is  the  cross-polarized  configuration 
which  is  due  to  room  effects. 


4.  Summary  and  Conclusions 

4.1  Screened-Room  Measurements 

The  spherical-dipole  standard  radiator  was  used 
to  assess  the  repeatability  of  screened-room  mea- 


surements and  to  compare  screened-room  radi- 
ated-emission  measurements  to  those  made  in 
other  facilities.  We  first  address  the  three  main 
types  of  variations  discussed  in  the  introduction. 
The  emissions  tests,  performed  according  to  MIL- 
STD-462  (1967),  lead  us  to  the  following  conclu- 
sions. (1)  Day-to-day  variations  of  about  5 dB  or 
more  occur  in  measurements  of  radiated  fields  of 
the  same  magnitude,  frequency,  and  polarization. 
Consistent  repeatability  of  5 dB  or  less  may  be 
achievable,  but  probably  requires  considerable  ef- 
fort and  care.  (2)  The  average  difference  between 
measurements  of  radiated,  vertically  polarized, 
electric  fields  of  the  same  magnitude  at  different 
laboratories  was  over  10  dB  at  several  frequencies. 
It  is  about  20  dB  at  a resonance  frequency  of  one 
of  the  screened  rooms.  For  horizontal  polarization 
(with  a vertically  polarized  source)  the  average  dif- 
ference is  consistently  around  10  dB,  except  at  the 
resonance  frequency,  where  it  is  near  20  dB.  (3)  At 
frequencies  below  about  60  MHz,  the  screened- 
room  results  are  significantly  lower  than  the  quasi- 
free-space  results,  except  at  the  resonance 
frequency  of  the  screened  room.  For  frequencies  of 
80  MHz  and  above,  the  average  screened-room  re- 
sults are  usually  consistent  with  the  quasi-free- 
space  results,  albeit  with  large  standard  deviations. 

What  is  the  cause  of  the  large  variations  in  test 
results?  There  are  three  obvious  suspects:  variabil- 
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Day— to  — Day  Variations 


Fig.  11.  Interlaboratory  differences  in  horizontal  polarization  measurements  on  spherical 
dipole  for  constant  gap  voltage. 
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ity  of  the  standard  radiator,  lack  of  competence  of 
the  test  laboratories,  and  faulty  test  methodology 
(pathologies  of  RE02  screened-room  measure- 
ments). It  is  very  unlikely  that  the  spherical-dipole 
radiator  is  that  unstable.  The  gap  voltage  is  moni- 
tored continually  and  is  kept  constant  within  0.1  dB 
from  test  to  test.  Measurements  on  the  NIST 
OATS  indicated  a repeatability  for  radiated-emis- 
sion  measurements  of  about  0.5  dB.  At  high  fre- 
quencies there  is  some  departure  from  axial 
symmetry  in  the  radiated  pattern  [1,2],  but  this  is 
only  of  order  3 dB  to  5 dB,  and  it  occurs  only  at  600 
MHz  and  above.  Furthermore,  the  pattern  is  very 
repeatable,  even  at  frequencies  where  it  is  asym- 
metric, and  in  the  screened-room  tests  the  orienta- 
tion of  the  sphere  was  usually  the  same  at  a given 
laboratory,  due  to  positioning  of  the  fibers  running 
into  the  sphere.  As  for  the  test  laboratories,  in 
principle  it  is  possible  that  they  were  careless  or 
incompetent  in  their  measurements,  but  we  feel 
that  this  is  unlikely.  NIST  personnel  present  at  the 
tests  were  not  trained  or  experienced  specifically  in 
RE02  measurement  techniques  and  did  not  at- 
tempt a systematic,  critical  evaluation  of  laboratory 
procedures,  but  our  impression  was  that  laboratory 
personnel  were  in  general  competent  and  careful. 
As  mentioned  above,  one  of  the  three  laboratories 
was  NVLAP  certified;  and  all  three  are  large,  rep- 
utable laboratories  with  considerable  experience. 
Furthermore,  no  one  laboratory  stood  out  as  hav- 
ing particularly  bad  results.  Consequently,  while  an 
individual  bad  result  could  have  been  due  to  an 
error,  we  do  not  believe  that  the  general  pattern  of 
variability  was  due  to  shortcomings  of  the  laborato- 
ries or  their  staffs.  The  most  likely  cause  of  the 
variability  of  results  and  the  deviation  from  free- 
space  results  appears  to  be  the  basic  measurement 
method  itself.  Variations  in  size,  shape,  and  load- 
ing of  the  screened  room  as  well  as  in  positioning 
of  the  source  and  receiving  antenna  within  the 
room  will  lead  to  variations  in  the  measured  field. 
The  existence  of  such  effects  has  been  known  for 
some  time  and  has  been  documented  by  past  work 
at  NIST  [6,7]  and  elsewhere  [4,5].  This  study  quan- 
tifies the  magnitude  of  the  effects  in  some  practical 
measurements. 

Besides  the  three  central  issues  discussed  above, 
two  peripheral  points  which  arose  in  this  study  war- 
rant comment.  The  comments  involve  band  edges. 
At  one  of  the  laboratories,  the  software  and/or  in- 
strumentation were  such  that  a peak  occurring  at  a 
band  edge  could  be  missed.  This  problem  was 
noted  by  the  laboratory  in  question  at  the  time  of 
the  tests.  Another,  more  general,  band  edge  prob- 


lem is  the  fact  that  measurements  in  two  adjoining 
bands  do  not  match  at  the  limiting  frequency.  In 
this  study  we  found  discrepancies  as  large  as  10  dB 
to  20  dB  at  band  edges.  It  would  be  desirable  for 
the  limiting  frequency  (at  least)  to  be  included  in 
both  bands  and  for  techniques  and  calibrations  to 
be  checked  until  the  results  of  the  two  bands  agree 
at  the  limiting  frequency. 

In  discussing  the  implications  of  our  results,  we 
emphasize  that  they  do  not  apply  to  the  new  radi- 
ated emissions  measurements  as  specified  in  [9]. 
The  new  standard  incorporates  modifications  in- 
tended to  improve  various  test  procedures.  In  par- 
ticular, it  requires  a large  amount  of  absorber 
around  the  test  setup,  nearly  transforming  the 
screened  room  into  a semianechoic  chamber.  The 
minimum  acceptable  performance  specified  for  the 
absorber  is  rather  modest,  as  it  must  be  if  anyone  is 
to  meet  it;  conventional  absorbing  materials  do  not 
perform  very  well  at  low  frequencies.  It  is  therefore 
not  yet  clear  how  much  improvement  the  new  stan- 
dard will  produce.  It  is  clear,  however,  that  the  re- 
sults of  our  present  study  do  not  apply  to 
measurements  in  rooms  meeting  the  new  standard. 
They  apply  only  to  the  old  standard,  but  are  signifi- 
cant nonetheless.  For  one  thing,  they  provide  a ref- 
erence against  which  a similar  study  of  the  new 
standard  could  be  compared.  Such  a comparison 
would  measure  how  much  the  new  standard  has 
improved  the  test  methods.  Another  consideration 
is  that  it  will  probably  be  some  time  before  tests 
according  to  the  old  standard  are  phased  out  en- 
tirely. As  long  as  the  old  test  setup  is  being  used,  it 
is  important  that  the  people  performing  the  tests  — 
or  accepting  the  test  results  — realize  how  accurate 
those  results  are  or  are  not.  Finally,  screened 
rooms  are  used  for  measurements  other  than  MIL- 
STD  tests,  and  we  expect  the  qualitative  features  of 
our  study  to  be  common  to  other  screened-room 
radiated  emissions  measurements  between  2 MHz 
and  1000  MHz  unless  special  precautions  are  taken 
to  mitigate  the  problems. 

4.2  Applications  of  the  Standard  Radiator 

We  noted  in  the  introduction  that  the  spherical- 
dipole  standard  radiator  has  several  possible  appli- 
cations, and  this  paper  has  impinged  on  a number 
of  them.  The  initial  purpose  of  this  study  was  to 
develop  procedures  for  using  the  NIST  spherical- 
dipole  standard  radiator  in  the  accreditation  of  lab- 
oratories doing  MIL-STD-462  acceptance  testing. 
The  basic  idea  was  to  use  the  spherical  dipole  as  a 
standard  radiator  to  test  whether  the  laboratory 
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could  get  the  “correct”  answer  in  its  radiated  emis- 
sions measurements.  It  is  clear  that  the  radiator 
could  be  used  in  this  manner,  but  the  goal  of  devel- 
oping a protocol  for  MIL-STD-462  accreditation 
was  not  achieved.  For  one  thing,  the  standard 
changed,  and  our  data  are  not  representative  of  re- 
sults which  would  be  obtained  with  the  new  stan- 
dard. Even  for  the  old  standard,  the  wide  disparity 
in  the  results  at  different  labs  and  even  at  the  same 
lab  on  different  days  led  us  to  conclude  that  profi- 
ciency testing  with  the  NIST  spherical-dipole  stan- 
dard radiator  would  be  pointless.  Any  proficiency 
testing  would  have  to  allow  a tolerance  of  around 
15  dB  to  take  into  account  “reasonable”  variations 
in  test  results.  Such  crude  testing  would  not  require 
the  precision,  sophistication,  and  concomitant  ex- 
pense of  the  spherical-dipole  standard  radiator. 

The  study  does  provide  a good  example  of  how 
the  standard  radiator  can  be  used  to  assess  the 
validity  of  a test  method— by  comparing  results  to 
those  obtained  with  accepted  test  methods  and  by 
evaluating  repeatability,  both  day-to-day  and  labo- 
ratory to  laboratory.  Our  data  constitute  a clear, 
quantitative  demonstration  of  the  shortcomings  of 
radiated  emissions  measurements  in  screened 
rooms.  It  would  now  be  of  great  interest  to  perform 
a similar  study  on  radiated  emissions  measured  in 
conformance  with  the  new  MIL-STD.  Comparison 
of  the  results  of  the  new  study  to  those  of  the  old 
would  show  how  much  improvement  the  changes 
made. 

Another  application  which  is  clearly  demon- 
strated in  the  paper  is  use  of  the  standard  radiator 
by  a group  of  laboratories  in  a round-robin  inter- 
comparison of  radiated-emission  measurements. 
The  spherical  dipole  is  very  well  suited  for  this  pur- 
pose due  to  its  temporal  stability,  its  known  radia- 
tion pattern,  the  capability  of  monitoring  the  gap 
voltage,  and  the  flexibility  offered  in  the  choice  of 
radiated  frequency.  As  shown  by  the  measurements 
of  day-to-day  variations,  the  spherical  dipole  can 
also  be  used  by  an  individual  laboratory  as  a check 
standard,  to  check  that  their  measurement  system 
has  not  changed  from  day  to  day,  or  to  refine  their 
measurement  procedures  in  order  to  improve  the 
repeatability  of  their  measurements.  (Commer- 
cially produced  monopole  radiators  offer  a simpler, 
less  expensive  alternative,  though  they  are  not  as 
well  characterized  or  as  flexible.)  Finally,  although 
it  was  not  demonstrated  in  this  paper,  we  note  that 
the  standard  radiator  could  even  be  incorporated 
into  a test  procedure,  for  example,  as  a standard 
source  for  the  calibration  of  antennas. 
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